Cell-cycle inhibitors of the Ink4 and Cip/Kip families are involved in cellular senescence and tumor suppression. These inhibitors are individually dispensable for the cell cycle and inactivation of specific family members results in increased proliferation and enhanced susceptibility to tumor development. We have now analyzed the consequences of eliminating a substantial part of the cell-cycle inhibitory activity in the cell by generating a mouse model, which combines the absence of both p21
The involvement of cell-cycle regulators in human cancer has been extensively studied in the last years. [1] [2] [3] The retinoblastoma protein (pRb) pathway has a key role in the regulation of these cellular processes, and this protein as well as its regulators-cyclins, cyclin-dependent kinases (Cdks) and Cdk inhibitors-are frequently deregulated in human cancer. 2 In quiescent cells, pRb represses the transcription of genes required for DNA replication or mitosis. This function is achieved through the sequestering of inactive E2F transcription factors and through the binding to histone deacetylases and chromatin remodeling complexes. Upon mitogenic stimuli, D-type cyclins are induced and activate the cell-cycle kinases Cdk4 and Cdk6. Cyclin D-Cdk4/6 complexes phosphorylate and partially inactivate pRb, allowing the expression of E2F-target genes. 4 Whereas mitogenic stimuli induce cyclins and therefore activate Cdks, antimitogenic signals prevent cell-cycle progression by inducing members of two families of Cdk inhibitors (CKIs), the Ink4 and Cip/Kip families. 5 Members of the Ink4 family, p16
Ink4a , p15 Ink4b , p18 Ink4c and p19 Ink4d , specifically bind Cdk4 and Cdk6 inhibiting their catalytic activity by allosteric competition of their binding with cyclins. On the other hand, Cip/Kip family members, p21 Cip1 , p27
Kip1 and p57 Kip2 , are able to bind and inhibit several Cdk-Cyclin complexes. 5 Ink4 and Cip/Kip proteins display tumor suppressor activity and are frequently inactivated in human tumors by different mechanisms. 2, 6 Individual genetic ablation of p16
Ink4a , p15 Ink4b , p18 Ink4c , p21 Cip1 or p27 Kip1 leads to increased susceptibility to lymphomas, sarcomas, and some other tumor types such as endocrine neoplasias. [7] [8] [9] [10] [11] [12] [13] [14] [15] Elimination of individual inhibitors has a limited effect probably due to possible compensation by the remaining family members. 11, 16 Stronger cooperation is usually found when Ink4 and Cip/Kip alterations are combined. For instance, combination of p16
Ink4a or p18 Ink4c ablation with p27 Kip1 deficiency synergizes in lymphoma or pituitary tumor development. 15, 17 A more detailed analysis of the effects of a general inactivation of Cdk inhibitors has not been possible so far due to the limitations of combining a high number of genetic alterations in the mouse.
Whereas Cip/Kip proteins have been suggested to display multiple activities in addition to Cdk inhibition, Ink4 proteins are thought to function mostly, if not uniquely, by inhibiting the activity of Cdk4 and Cdk6. 4, 5 A mutation in the Cdk4 kinase that prevents the effect of Ink4 inhibitors, change of arginine R24 to cysteine (R24C), was found to contribute to melanoma development. 18 Knock-in mice harboring the Cdk4 R24C allele develop a wide spectrum of tumors due to the lack of inhibitory effect of Ink4 proteins on this kinase. 19, 20 The Cdk4 R24C mutation cooperates with the lack of p27 Kip1 (ref. 21) or the lack of p21 Cip1 (ref. 22) in the susceptibility to tumor development, but not with the lack of p18
Ink4c , 21 in agreement with the idea that the R24C mutation results in resistance to Ink4 function. Yet, the cooperation between the Cdk4 R24C allele and lack of either p21 Cip1 or p27 Kip1 only affects to specific tumor types (sarcoma or pituitary neoplasia, respectively) and most other tissues are unaffected.
To understand the possible compensatory effects between Cip/Kip and Ink4 proteins, we have now combined both the p21-and p27-null alleles with a Cdk4 R24C background. Mice with intermediate genotypes display a gradual increase in tumor susceptibility when several mutant alleles are combined. Surprisingly, genetic combination of these three alterations results in perinatal lethality accompanied of general hypoplasia with severe proliferative defects in multiple tissues. This phenotype is not due to the presence of early tumors but to a general, p53-dependent, hypoproliferative defect caused by replicative stress generated in the absence of these inhibitors. These data suggest that cell-cycle inhibitors are primarily needed to moderate the activity of Cdks and prevent replicative stress during the formation of tissues in late development.
Results
Genetic cooperation between Cdk4 R24C and lack of Cip/Kip inhibitors. We analyzed the effect of the combined ablation of p21 Cip1 and p27 Kip1 in a Cdk4 R24C background using a triple mutant mouse model. As reported previously, lack of p27
Kip1 strongly cooperated with the Cdk4 R24C [Cdk4(R)] allele whereas the absence of p21
Cip1 resulted in a moderate but significant decrease in survival in a Cdk4 R24C background ( Figure 1a ; Sotillo et al. 19, 21 and Quereda et al. 22 ). The combined ablation of p21 Cip1 and p27 Kip1 led to perinatal lethality in Cdk4(R/R) mice (median lifespan = 2 weeks; Figure 1a ) whereas p21 Cip1 ;p27
Kip1 double knock-out mice were viable and developed similar pathologies to single mutants in a Cdk4-wild-type background (Table 1 ; Garcia-Fernandez et al. 23 ). Gradual ablation of p21
Cip1 displayed no significant impact in Cdk4(+/R) or Cdk4(R/R) mice carrying a single copy of p27
Kip1 (Figure 1b ). Complete absence of p27
Kip1 had a major effect in Cdk4(+/R) or Cdk4(R/R) mice, which died within the first 7 months of life. In that background, lack of the two alleles of p21
Cip1 resulted in earlier lethality (although not statistically significant) and Cdk4(+/R); p21(-/-); p27(-/-) mice displayed a median lifespan of 6 weeks (50% of the colony died before this age) versus 21 weeks in Cdk4(+/R); p21(+/-); p27(-/-) mice. Similarly, Cdk4(R/R); p21(+/-); p27(-/-) mice displayed a median lifespan of 8 weeks while complete lack of p21 Cip1 significantly reduced this value to 2 weeks in Cdk4(R/R); p21 (-/-); p27(-/-) mice ( Figure 1c ; Table 1 ).
Histopathological studies of these compound mice revealed diverse pathologies which incidence and latency varied with the genotype (Table 1) . Angiosarcomas and pituitary tumors were the most prevalent pathologies although single or double mutants also developed other epithelial or mesenchymal tumors. As lifespan of these models decrease, pituitary tumors stood as the most prevalent pathology and was the only tumor observed in genotypes whose lifespan is lower than 20 weeks of life [Cdk4(+/R); p21(-/-); p27(+/-); Cdk4(+/R); p21(-/-); p27(-/-); Cdk4(R/R); p21(+/+); p27(-/-) and Cdk4(R/R); p21 (+/-); p27(-/-)]. Although the development of pituitary tumors was led by the Cdk4(R) and p27(-) alleles, lack of p21
Cip1 also cooperated in this pathology in the presence of wild-type alleles of either Cdk4 or p27 Kip1 . These pituitary tumors were usually accompanied with hyperplasia of other endocrine tissues, such as the Langerhans islets in the pancreas or adrenal gland, as well as hyperplasia of Leydig cells in the testis (Supplementary Table S1 and Supplementary Figure S1 ). The aberrations in the pituitary gland, frequently altered in mouse models of cell-cycle deregulation, 24 are summarized in Table 1 and Supplementary Table S2 . Lack of p27 Kip1 , or the combined loss of p21 Cip1 and p27 Kip1 , resulted in pars intermedia tumors whereas the activating R24C mutation in Cdk4 generated tumors in the pars distalis (Supplementary  Table S2 ; Sotillo et al. 19 ). Combination of the Cdk4 R24C ;p21(-) and p27(-) alleles resulted in a variety of pituitary pathologies affecting both localizations. Moreover, the more aggressive combination of mutant alleles [Cdk4(R/R); p21(+/+); p27(-/-) and Cdk4(R/R); p21(+/-); p27(-/-)] resulted in about 70% of undifferentiated pituitary neoplasias whose cell-of-origin was difficult to assess. These tumors were characterized by the presence of giant neuron-like cells negative for neuronal markers such as NeuN (data not shown), as well as small endocrine-like cells (Supplementary Figure S1) . These tumors also presented regions positive for hormone markers such as growth hormone, follicular stimulating hormone or prolactin but where mostly negative for thyroid-stimulating hormone (Supplementary Figure S1 and data not shown). Percentage of mice without tumors at death (this number does not simply derives from the sum of the pathologies above since a mouse may have several tumors).
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Inactivation of Ink4, p21 Cip1 and p27 Kip1 inhibitors results in perinatal lethality in the absence of tumors. Interestingly, despite the high incidence of tumors in mice with these aggressive genotypes, the complete absence of both p21 Cip1 and p27
Kip1 inhibitors in a Cdk4 R24C background resulted in early lethality in the absence of tumors or obvious hyperplasia ( Figure 1 ; Table 1 ). Cdk4(R/R); p21(-/-); p27(-/-) mice were born at the expected mendelian ratio and had normal appearance as compared with their control littermates at the moment of the birth. However, by 2 weeks of age, they presented a significantly reduced weight compared with their littermates (4.1 ± 0.8 g versus 8.7 ± 0.5 g) and reduced motility ( Figure 2a ; Supplementary Video S1). These phenotypes became more evident in the following few days and Cdk4(R/R); p21(-/-); p27(-/-) mice died before the third week of age ( Figure 1 ). Histopathological analysis of these animals revealed several developmental defects represented by massive hypoplasia in tissues such as bone marrow or lung ( Figure 2b ). The pituitary gland of triple mutant mice was smaller than that of control littermates, without obvious differences in the percentage of hormone-producing cells or progenitor cells as determined by Sox2 (not shown) or Sox9 staining ( Figure 2c ). Triple mutant Cdk4(R/R); p21(-/-); p27 (-/-) pituitaries displayed no significant differences in the ratio of Ki67-positive cells at this stage but showed a significant increase in the number of apoptotic cells, as detected by antibodies against the active form of caspase 3 ( Figure 2d ). Although the degree of proliferation (as measured by Ki67 staining) varies among the different tissues and genotypes, there is a consistent increase in apoptosis in triple mutant mice ( Figure 3 ). These data suggest that, although the partial combination of these mutant alleles displays a variable effect on proliferation depending on the tissue, complete ablation of p21 Cip1 and p27 Kip1 in the Cdk4 R24C background results in a unique apoptotic phenotype.
Ink4 and Cip/Kip inhibitors cooperate preventing replicative stress. We then focused to the developing nervous system, a tissue that displays high levels of proliferation in utero that gradually decease after birth. Histological examination of E17.5 brains showed an increase in the percentage of the mitotic marker phospho-histone H3 (Supplementary Figure S2) . At death, P15 Cdk4(R/R); p21(-/-); p27(-/-) mice presented an slight but significant increase in the proliferation of the subgranular zone of the dentate gyrus on the hippocampus (Figure 4 ) and in the subependymal zone ( Figure 5 ), two regions that maintain neural progenitors after birth. Hyperproliferation was accompanied by induction of apoptotic cell death as measured by active caspase 3. This signal also coexisted with immunostaining for p53 proteins phosphorylated in Ser15, a marker already observed in E17.5 brains (Supplementary Figure S2) . This residue is phosphorylated by checkpoint kinases ATM and ATR, suggesting the activation of a DNA damage-like response. Since these animals were not exposed to exogenous damage, we then checked for replication defects as a possible cause of cell death. Pan-nuclear intense staining of phosphorylated H2AX (γH2AX) or increased phosphorylation of RPA was observed in triple mutant brains but not in control animals at both ages examined (Figures 4 and 5; Supplementary Figure S2 ). This type of staining is characteristic of replicative stress rather than genotoxic damage characterized by the presence of multiple but individual γH2AX foci in the nucleus. This replicative stress and the subsequent apoptotic cell death was not obvious at mid gestation (E14.5, data not shown) but gradually increased from E17.5 until P15 ( Figure 5) . Furthermore, we noticed an increase in GFAP-positive cells in the brain (Supplementary Figure S3) , a sign of reactive gliosis commonly found after brain injury. Reactive gliosis was particularly abundant in the habenula, an area involved in learning and stress responses among other functions, in line with the defects in behavior and motility (Supplementary Videoes S1 and S2). All together these data suggest that the deregulation of the cell cycle starts at late developmental embryonic stages and has cumulative effects resulting in major defects in brain development accompanied by perinatal death in triple mutant mice.
Defective self-renewal of mutant neural progenitors in vitro. We then analyzed the relevance of these cell cycle inhibitors in self-renewal and proliferation of neural progenitors in culture. Embryonic (E18.5) neural progenitors were isolated from crosses between animals with compound genotypes, and cultured in neurosphere-forming conditions for over a week. A normalized analysis revealed that primary neurosphere formation was drastically reduced by the Cdk4 R24C allele when compared with Cdk4-wild-type littermate neural progenitors (Figures 6a-c) . Lack of both p21
Cip1 and p27 Kip1 in a wildtype background resulted in a significant increase in primary neurosphere formation that was not present in the single knock-out cells. The concomitant inactivation of Ink4 inhibitors in the Cdk4(R/R) background prevented the effect of p21/p27 ablation in the number of neurospheres and, to a lesser extent, in their size (Figures 6a-c) . The defects in primary neurosphere formation in the presence of the Cdk4 R24C alleles actually occurred with independence of the levels of Cip/Kip inhibitors. When primary neural progenitors were disaggregated under papain and reseeded in self-renewal conditions, very few secondary spheres were found in the triple mutant genotype, while all the other genotypes consistently formed neurospheres at variable frequencies (Figures 6d and e) . This suggests a cooperative effect between the lack of Ink4 and Cip/Kip inhibitors that is only obvious after a few cell divisions in the neural progenitors.
Primary neurospheres were then incubated with the nucleotide analog EdU and immunofluorescence was performed for different markers (Figure 6f ). Most dividing cells (EdU positive) were positive for Sox9 marker, whereas Sox9-negative cells were negative for EdU suggesting the presence in the neurospheres of a population of differentiated cells with reduced proliferative potential. Cdk4(R/R); p21(+/+); p27(+/+) displayed defective growth (Figure 6c ) and decreased EdU incorporation (Figure 6f ), likely as a consequence of the increase in p21 Cip1 and p27 Kip1 inhibitors in these mutant cells (Supplementary Figure S4) . However, we observed a significant increase in the percentage of Sox9-positive cells in the triple mutant compared with wild-type neural progenitors. This observation correlated with published data suggesting that a diminished G1 phase may result in an increase of basal progenitors generation in brain. 25 Although not (Figures 6a-e) . Surprisingly, EdU levels were significantly increased in triple mutant cells (Figure 6f ) instead of the decrease expected attending to the self-renewal and size of the spheres. Since the number of Sox9-positive cells was increased in triple mutant neurospheres, it is possible that the increased EdU signal was due to the higher proliferative potential of these progenitors. However, triple mutant cells frequently displayed the pan-nuclear, intense γH2AX signal (Figure 6f) , suggesting that the proliferative potential of Cdk4 R24C; p21-null; p27-null cells was hampered by the replicative stress caused by the lack of functional Ink4 and Cip/Kip inhibitors.
We next decided to use the immortalized mouse neural progenitor cell line C17.2 (ref. 26 ) for more detailed molecular studies. Expression of Cdk4 R24C and concomitant knockdown of both p21 Cip1 and p27 Kip1 induced increased levels of Figure 3 Wide-spread apoptosis in triple mutant tissues. Representative micrographs of several tissues in triple mutant mice showing defects in proliferation (Ki67 staining) and apoptosis (active caspase 3; AC3) by postnatal day 15 (P15). *Po0.05; **Po0.01; ***Po0.001; Student's t-test. Scale bars, 100 μm (insets 20 μm)
Prevention of replicative stress and CKIs V Quereda et al γH2AX and 53BP1 foci (Figures 7a and b) . These observations were not an indirect consequence of the induction of caspases since treatement with caspase inhibitors did not rescue the levels of 53BP1 foci (Supplementary Figure S5) . Similarly, knock-down of p21 Cip1 and p27 Kip1 in Cdk4 R24C-expressing cells resulted in increased levels of phosphorylation of p53 in Ser 15 and active caspase 3 (Figure 7c ).
The combined deficiency in Ink4 and Cip/Kip inhibitors in C17.2 cells resulted in increased phosphorylation of pRb in agreement with increased Cdk4/6 activity in these cells (Figure 7d) . In control cells, inhibition of Cdk4/6 with the specific inhibitor PD-0332991 resulted in increased DNA damage response, likely as a consequence of abnormal entry into or progression through S-phase (Figure 7e ). However, treatment with Cdk4/6 inhibitors in cells expressing Cdk4 R24C and knock-down for p21 Cip1 and p27 Kip1 led to reduced γH2AX signal, 53BP1 foci and decreased p53 activation (Figure 7e ) in the presence of moderate phospho-pRb signal (Figure 7d) . Altogether, these data suggest that the combination of the Cdk4 R24C allele with reduced levels of Cip/Kip inhibitors results in increased Cdk4/6 activity, replicative stress, and the induction of a p53 response and apoptotic cell death.
Discussion
One of the most frequent molecular events in human tumors is the deregulation of the cell cycle through Cdk hyperactivation. This may occur due to amplification, mutation or overexpression of cyclins and, more frequently, inactivation of Cdk inhibitors. 2 Members of the Ink4 family, mostly p16 Ink4a , p15
Ink4b and p18 Ink4c , are frequently silenced in human cancer by deletion, mutation or epigenetic alterations. p21
Cip1 or p27
Kip1 inactivation may also occur through epigenetic alterations, increased proteolysis or as a consequence of defective p53 signaling. 2, 6, [27] [28] [29] The involvement of Ink4, Cip1 and Kip1 proteins in tumor development has been evaluated in vivo using different genetic mouse models. Genetic ablation of p21
Cip1 results in altered response to DNA damage responses and increased tumor susceptibility, specifically in mesenchymal and hematopoietic cells, at advanced age. 7, 30 p27
Kip1 depletion in mice causes retinal dysplasia and female infertility and animals develop adenomas in the pituitary with long latencies. [8] [9] [10] The cooperation among these families has also been evaluated in different combinations. Mice deficient in p18
INK4c in a p21 Cip1 -null background cooperates in pituitary and lung tumors. 31 Combined ablation of p18 INK4c and p27
Kip1 increases the frequency of endocrine and gut tumors. On the other hand, the combined loss of p21 Cip1 and p27
15,31
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only has a modest effect in the latency of tumors. 23 Cdk4 R24C knock-in mice are a useful model since the endogenous Cdk4 protein is resistant to Ink4 family members in these animals. 19, 32 Mice depleted for p27 Kip1 in a Cdk4 R24C background develop pituitary tumors with complete penetrance and very short latencies, 19, 21 and ablation of p21 Cip1 in the Cdk4 R24C background accelerates mesenchymal tumor development. 22 In this manuscript, we show that partial ablation of both p21 Cip1 and p27 Kip1 in a Cdk4 R24C background results in a synergistic effect in tumor development in a variety of tissues (Figure 1) . Unexpectedly, complete ablation of p21 Cip1 and p27 Kip1 in the Cdk4 R24C background results in perinatal lethality in the absence of tumors, due to high levels of replicative stress accompanied by apoptotic cell death in multiple tissues. These results are in agreement with a model in which partial deregulation of cell-cycle inhibitors would Figure 5 Increased replicative stress in neural progenitors at the subependymal zone of triple mutants. (a) The subependymal zone was immunostained with antibodies against Ki67, a proliferative marker, phosphorylated H2AX (γH2AX, which indicates DNA damage), phosphorylated p53 (Ser15; P-p53), and active Caspase 3 (AC3), a marker of apoptosis. Scale bar, 100 μm. (b) Comparison of the levels of γH2AX and AC3 in brains from E17.5 embryos and at postnatal day 15 (P15). ns, not significant; **Po0.01; ***Po0.001; Student's t-test
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Prevention of replicative stress and CKIs V Quereda et al result in acceleration of the cell cycle and would consequently lead to tumorigenesis. However, a minimum level of cell-cycle inhibitors is required for maintaining cell proliferation in these developing tissues. When cells reach that permissibility level, DNA synthesis is aberrant and cells eventually die probably as a consequence of the replicative stress generated. This is likely a consequence of enhanced Cdk4/6 activity as inhibition of these molecules decreases replicative stress and the subsequent p53-mediated response ( Figure 7 ). Whereas we have not addressed the role of p53 in the generation of replicative stress in triple mutant mice, our previous results in Cdh1-deficient mice indicate that the replicative stress generated by enhanced Cdk activity is p53 independent, and suggest that p53 is only responsible for the apoptotic response to remove damaged cells from tissues. 33 p53 activation is known to result in either cell-cycle arrest, a pathway that involves the induction of p21 Cip1 , or apoptotic cell death. As p21
Cip1 is absent in triple mutant mice, p53 signals are likely to favor apoptotic cell death instead of cell-cycle arrest in these mutant mice. However, the fact that Cdk4(R/R); p21(-/-); p27 (+/+) mice do not display replicative stress or increased levels of apoptosis suggests that the major defect in triple mutant mice is not the alteration of the p53 pathway toward cell death, but the replicative stress generated in these mutant cells.
The relevance of cell-cycle inhibitors in preventing replicative stress may have important clinical implications in different tissues. Several brain diseases such as Alzheimer's disease or Seckel syndrome may be linked to replicative stress. 34, 35 In the brain, Cip/Kip proteins have been involved in the regulation of neurogenesis and maintenance of neural stem cells homeostasis. p27
Kip1 is important for the proliferation and survival of postnatal neurons in the rostal migratory stream and to promote neurogenesis in the developing central nervous system. 36-38 p21
Cip1
, on the other hand, can restrain neurogenesis in the subgranular zone of the dentate gyrus. 39 Hyperactivation of Cdk4 has been related to defects in neurogenesis and promotion of basal progenitor proliferation. 25 Homozygous deletion of the human locus encoding p16
Ink4a -p19 ARF -p15 Ink4b , often accompanied by deletion or mutation in p18
Ink4c , is among the most common genetic alterations in glioblastoma multiforme. 40 Inactivation of p21 Cip1 or p27 Kip1 is also common in different brain tumors 27, 28, 41 although a complete mapping of the concomitant silencing of Ink4 and Cip/Kip inhibitors in the same samples is not available at present.
Replicative stress is not only a defect that may be linked to developmental defects but it can also be used in therapy. Recently, it has been shown that oncogene-induced replicative stress can be used to selectively kill tumor cells. 42 Tumors with high levels of replicative stress, such as the ones generated by Myc overexpression, are specifically susceptible to genotoxic drugs that impair the DNA damage response -deficient 10 animals have been reported previously. These animals were maintained in a mixed 129/Sv (25%) × CD1 (25%) × C57BL/6 J (50%) background. For the Open Field assay, the movement of P15 mice was recorded during 10 min in a square, white Plexiglas box. Mice were housed at the pathogenfree animal facility of the Centro Nacional de Investigaciones Oncológicas (Madrid) following the animal care standards of the institution. These animals were observed in a daily basis and sick mice were euthanized humanely in accordance with the Guidelines for Humane End Points for Animals used in biomedical research. Tumor latency has been considered equivalent to lifespan.
For histopathological observation, dissected organs were fixed in 10%-buffered formalin (Sigma, St. Louis, MO, USA) and embedded in paraffin wax. Threemicrometer-thick sections were stained with hematoxylin and eosin. Additional immunohistochemical examination of the pathologies observed was performed essentially as described in Sotillo et al. 21 Antibodies used for paraffin sections were glial-acidicic fibrilary protein, GFAP (1 : 500, Z0334; Dako, Glostrup, Denmark); Sox2 (1 : 400, AB5603; Millipore, Billerica, MA, USA); Ki67 (Prediluted, M7249; Dako); Culture of neural progenitors. Neural progenitors were isolated from embryonic cortex as described previously. 43 Single dissociated cortical cells were cultured in uncoated 6-well plates between 1 and 2 weeks, in serum-free DMEM with 4.5 mg/ml glucose (Invitrogen, Waltham, MA, USA), 10 mM L-Glutamine (Invitrogen), 10 mM Na-Pyruvate (Invitrogen), 10 mM N-Acetyl Cysteine (Sigma), N2 supplement (Invitrogen), B27 supplement (Gibco, Waltham, MA, USA), EGF and bFGF (20 ng/ml each, Invitrogen). For subcloning, neurospheres were collected and gently dissociated using papain (Worthington, Lakewood, NJ, USA) at 37°C for 20 min with gentle agitation. Cells were re-plated at equal cell density for each condition. The neural progenitor cell line C17. (Sigma) . Efficiency of the knock-down was tested by quantitative RT-PCR using SybrGreen.
Immunodetection of proteins. Neural progenitors were incubated with EdU (Invitrogen) at 10 μM for 1 h and then plated in a coverslip coated with matrigel (BD Bioscience, Franklin Lakes, NJ, USA). After 15 min in the matrigel, the spheres were attached to the coverslip. All incubations were performed at room temperature. Fixation of the spheres was done using PBS-4%PFA for 20 min. Spheres were permeabilized with PBS-TX100 0.5% for 15 min and blocked with PBS-3% Cip1 and p27 Kip1 result in increased phosphorylation of pRb (at Ser780). The protein level of additional cell-cycle regulators is also shown. pRb phosphorylation is reduced after treatment with the Cdk4/6 inhibitor PD-0332991 (1 μM). Vinculin was used as a loading control. (e) Effect of the inhibition of Cdk4/6 with PD-0332991 (1 μM PD) in the phosphorylation of H2AX (γH2AX), number of 53BP1 foci and p53 phosphorylation in control cells or cells expressing Cdk4 R24C and shRNAs against p21
Cip1 and p27 Kip1 . Data indicate mean ± S.D. from three independent experiments for PD and four for DMSO. One-way ANOVA *Po0.05; **Po0.01; ***Po0.001
